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Abstract: Quantitative analysis of closed-loop supply chains is often based on a specified cost 
function; dynamical performance of the system is rarely considered.  Here we adopt a control 
theory approach to build a simple dynamic model of a hybrid manufacturing/remanufacturing 
system. We highlight the effect of remanufacturing (and return) lead-time and the return rate on 
the inventory variance and bullwhip produced by the ordering policy. Our results clearly show that 
a larger return rate leads to less bullwhip and less inventory variance. Thus returns can be used to 
improve dynamic performance by absorbing some of the demand fluctuations. Longer 
remanufacturing (and return) lead-times have less impact at reducing inventory variance and 
bullwhip than shorter lead-times. We conclude, within our specified system, that inventory 
variance and bullwhip is always less in supply chain with returns than without returns. 
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分 k被收回，并经过再制造过程的生产提前期 Tr后还原如新成为净存货的一部分。；假设: 目
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11                (2) 
系统中所有的常数≥0，因此有 0iT ， 0pT ， 0wT ， 0rT ， 10  k 。 
2、库存变化分析 
应用 Aström[3]理论，可以得到库存变化 NSAmp的解析式： 
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    (3) 
首先，令 k=0，即无回收的情况。 





0                    (4) 
则式（4）是一个传统的供应链。式中 Ti、Tw是可控参数，可以用它们去调整系统的动
态响应性。 
注意到 Ti仅出现在分子中，这意味着减少 Ti将减少库存变化。当 Tw=Ti时，式（3）、
式（4）分别简化为： 
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ipi               (7) 
当 Tw=Ti时，由于 10  k ，式（7）就总是负数，所以集成制造/再制造系统的库存变
量将总是小于传统的供应链。 
最理想状态下，所有的产品都能从市场回收，k=1，这时式（3）简化为： 
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清楚地看到了回收的平滑效应。分解式（3）为： 
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式（10）中，右边第 1项为传统供应链产生的库存变量；第 2、3项当 10  k 时总是
负的。这个结果表明，在我们的特定模型中，有回收的库存变量总是小于没有回收的情形。 
分别对 k和 Tr求偏微分得到： 
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式（11）总为负数，意味着库存变化是回收率 k的单调减函数：回收率越高，库存变化
越小; Tr则反之, 式（12）是单调增函数，提前期越长，库存变化越大。 














                          (13) 
同样，运用 Aström理论，可以得到牛鞭效应的解析表达式： 
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 20 2                    (15) 
式（15）表明：在一个没有回收的供应链（传统供应链）中，当 Ti 增加时，牛鞭效应
减小；而生产提前期 Tp 应该减小，以便平衡生产和减少相关的成本。当 Tw=Ti，式（14）
和式（15）可分别简化为 
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在式（19）中，右边的第 1 项是由传统供应链产生的牛鞭效应。当 10  k ，第 2 项
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     (22) 
式（21）总是为负，说明回收率是牛鞭效应的单调减函数，也就是说，回收率越高，牛
鞭效应越小。再制造提前期 Tr则反之，因为式（22）为单调增函数。 
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经过处理后，得到： 
OF=
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 (24) 
对上式求偏导得到： 
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 .  (25) 
很明显，最优 Ti应该是 Tp和 k的函数。但是，式（25）是 Ti的高阶函数，它很难得到
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表 1  当 Tp=Tr=3和 Tw=Ti时，最小化牛鞭效应和库存变量的最优 *iT  
Table 1 The optimal *iT that minimizes the sum of bullwhip and inventory variance 
when Tp=Tr=3 and Tw=Ti 
k *iT  NSAmp  BW 总变量 
0.0 0.78358 2.20244 0.63810 2.84054 
0.2 0.91202 1.85687 0.50223 2.35909 
0.4 1.08774 1.58095 0.38139 1.96234 
0.6 1.33731 1.37959 0.27705 1.65663 
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0.8 1.68504 1.26006 0.19428 1.45433 












[1] Disney, SM and Grubbstrom, RW. (2003), “The economic consequences of a production and 
inventory control policy”, 17th International conference on Porduction Research, Virginia, USA, 
3-7 August. 
[2] John, S, Naim, MM and Towill, DR. (1994), “Dynamic analysis of a WIP compensated 
decision support system”, International Journal of Manufacturing System Decision, 1(4), 283-297. 
[3] Aström, KJ. (1970), “Introduction to stochastic control theory”, Richard Bellman, University 
of Southern California. 
[4] Carlsson, C and Fuller, R. (2000), “Fuzzy approach to the bullwhip effect”, Proceedings of the 
15th European Meeting on Cybernetics and Systems Research, Vienna, April 25-18, pp228-233. 
[5] Chen, YF, Drezner, Z, Ryan JK, Simchi-Levi, D. (2000), “Quantifying the Bullwhip effect in a 
simple supply chain: The impact of forecasting, lead-times and information”, Management 
Science 46 436-443. 
[6] Zhou, L, Disney, SM, Lalwani, CS, Wu, HL. (2004), “Reverse logistics: A study of bullwhip in 
continuous time”, Proceeding of the 5th World Congress on Intelligent Control and Automation, 
Hangzhou, China, June 15-19, 2004, Vol.6(4), p3539-3542, ISBN:0-3-8273-0. 
[7] Wang, JH. (2002), “Adaptation of the beer game to reverse logistics”, MSc Thesis, Cardiff 
Business School, Wales, UK. 
 
Zhou, L., Xu, S. and Disney, S.M., (2005), “Analysis and optimization of inventory variance and bullwhip in a manufacturing/  










































图 1  制造/再制造系统的控制流图 
Figure 1.  Block diagram of the manufacturing/ remanufacturing system 
Figure 2.  The effect of return rate and lead-time on inventory 
variance when Tp=3, Tw=8 and Ti=4 
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Figure 3.  The effect of return rate and lead-time on 
bullwhip when Tp=3, Tw=8 and Ti=4
Figure 4. The optimal sum of variance ratios when Tp=Tr=3 and Tw=Ti 
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